Abstract -In this letter, a high-performance graphenebased electrostatic field sensor is demonstrated. Combining the ultrahigh mobility of graphene and the long lifetime of carriers in SiO 2 /lightly doped Si substrate, our device achieves a fast response of ∼2 µs and detection limit of electrostatic potential as low as ∼5 V, which is improved by an order of magnitude as compared with commercial products. The proposed device structure opens a promising pathway to high-sensitive electrostatic detection, and also greatly facilitates the development of novel sensors.
have been demonstrated [8] - [11] . Here, we present a highperformance graphene based electrostatic field sensor on SiO 2 /lightly doped Si substrate by using the internal gain mechanism. The proposed device structure can detect electrostatic potential as low as ∼5 V, which is an order of magnitude lower than that of commercialized product. Meanwhile, the graphene based electrostatic field sensor possesses fast response speed of ∼2 μs and its performance could be efficiently tuned by applying gate or bias. Moreover, the sensor features simplicity in fabricate process and is fully compatible with silicon technology, which would greatly facilitate its industrial application.
II. EXPERIMENTAL SETUP
The mechanically exfoliated single layer graphene was deposited on the top of 300 nm thick SiO 2 /lightly n-doped Si substrate (100) with resistivity of ∼25-50 cm, the source and drain electrodes (Ni (5 nm)/Au (50 nm)) were prepared by electron-beam lithography, thermal evaporation, and lift-off processes. Electrical curve and electrostatic response characteristics of the devices were measured using a Keithley 2612A analyzer. A negative electrostatic generator (SG-81103) was employed to attain electrostatic charges adsorbed on a copper foil, which serve as an electrostatic source. The electrostatic potential values were calibrated by a commercial electrostatic field meter (FMX-003) at a standard work distance (WD) of 25 mm. In the response time measurement, a signal generator was used to obtain AC electric field signal with high frequency of 100 kHz. A digital storage oscilloscope was used to measure the transient response.
III. RESULT AND DISCUSSION
The schematic of graphene based electrostatic field sensor is shown in Fig. 1(a) . When a negative electrostatic source approaches the device, the carriers in Si substrate uncovered by graphene will be redistributed under electrostatic field, while those underneath graphene (which is grounded) would not be affected because of the electrostatic shielding effect. The electrons in Si substrate uncovered by graphene would either move to the bottom of the bulk Si, or drift along the SiO 2 /Si interface to the region under graphene. The later ones could be trapped by the interface states [12] , [13] of SiO 2 /Si, and therefore gate the graphene channel and increase the holes concentration through capacity coupling. Due to the ultrahigh mobility of graphene and long carriers trapping time at the interface, an effective gain [14] or amplification will be 0741-3106 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. introduced because holes in the graphene can circulate many times during the trapping time of electron at the interface, namely interfacial amplification [13] . The gain is defined as G = τ trap /τ transit , here, τ trap is the trapping time of carriers at the SiO 2 /Si interface, τ transit is the transit time in the graphene channel, analogous to the case of photoconductivity. According to the above mechanism, we prepared a single layer graphene device on 300 nm SiO 2 /Si (resistivity of ∼25-50 ·cm) substrate. The graphene channel quality is controlled by using Raman Spectroscopy. The optical image and the transfer curve of the graphene device are shown in Fig. 1(b) . Evidently, the graphene channel is slightly p-doped and the calculated field-effect mobility is ∼6000 cm 2 /Vs from the transfer curve [6] . The electrostatic response of the device is shown in Fig. 1(c) , with the electrostatic field switched on and off by inserting a grounded metal plate between the device and the electrostatic source to shield the electrostatic field. An obvious increase of channel current under negative electrostatic field is observed, indicating the increase of hole concentration in the p-type graphene. For comparison, the electrostatic switching response of the graphene device directly putting on Si substrate, as well as the bare Si channel are also shown in Fig. 1(c) . No noticeable electrostatic responses are observed in the above two devices, which suggest that the interfacial amplification does play an important role in our electrostatic field sensor. The electrostatic response is enhanced with the increase of the resistivity of ndoped Si (Fig. 1(d) ), which is consistent with the longer trapping time or lifetime of carriers in lightly-doped Si [13] , [15] . Nevertheless, the device does not show noticeable response to the electrostatic field after the Si substrate is grounded (gating effect is absent because Si and graphene have same potential), which indicates that the static electricity induced charge transport in bare graphene transistor is negligible. Electrostatic switching characteristics of the sensor under varying electrostatic potential and WD were carried out and shown in Fig. 2 Fig. 2(b) ). The fitting value of b is ∼ -0.9, close to -1, which is consistent with the reciprocal relationship between potential (ϕ) induced by electrostatic source and distance (r ):φ = k Q/r .
(a) and 2(b). The dependence of electrostatic response on the WD can be described well by the Allometric function I = a(W D) ∧ b (solid lines in
Potential sensitivity is an important parameter for electrostatic field sensor, and high sensitivity means not only the detection of weak electrostatic signals, but also the ability to detect electrostatic signals with ultra-long distance. Here, we measured the weak electrostatic signals through increasing WD and compared the detection capabilities of our device with the commercial product. As shown in Fig. 2(c) , the detection limit of electrostatic potential of our device is ∼5 V, which is reduced by an order of magnitude as compared to the commercial detector (∼50 V). Fig. 2(d) shows the device exhibit fast response, with both the rise and fall response time < 2 μs. The fall time (10 −6 s) could be approximately considered as the lifetime of electrons in the Si substrate, while the transit time τ transit in the graphene channel is in the order of 10 −10 s at 1 V bias for our device, leading to the gain of ∼10 4 . Such an ultrahigh gain or amplification is the reason why strong electrostatic response is observed in our device. It is worth noting that, the electrostatic response of the device presents a saltation at the switch moment of static field. This may because the electrostatic field has an abrupt change during the fast switching of power source.
We also investigated the transfer characteristics of the device under different electrostatic potential in a top gate configuration using 80 nm Al 2 O 3 as the dielectric layer, as shown in Fig. 3(a) and 3(b) . The transfer curve shifts forward under the negative static electricity, indicating a p-doping effect of graphene. The shift of the Dirac point ( V Dirac ) of the device as a function of electrostatic potential is shown in Fig. 3(b) . The nearly linear relation suggests that the number of electrons trapped at the interface or underneath graphene increases almost linearly with the electrostatic potential. Fig. 3(c) shows the variation of the electrostatic response with the top gate voltage under different electrostatic potential. The electrostatic response can be reversed in sign and can even be switched off electrically by tuning the gate. Such phenomenon is due to the change of the type of conducting carrier in graphene from hole to electron and its number also changes with applied top gate voltage. Furthermore, the linear dependence of the electrostatic response on bias under different static field is also shown in Fig. 3(d) . The above results demonstrate the versatile tunability of our electrostatic field sensor.
To prove the capability of our graphene based electrostatic field sensor, different objects with different types and amount of static electricity are tested at a fixed WD (25mm) and shown in Fig. 4 . Glass rod and hand normally carry slight positive charges, while polyethylene terephthalate (PET) naturally carries a large amount of positive charges. As a result, the device exhibits a negative response when the above objects approach it. The magnitude of the electrostatic responses represent different amount of charges carried by the objects. On the other hand, the electrostatic response is positive for a pen and rubber rod, because they carry negative charges after rubbing with hair. The high sensitivity of the sensor to different types and amounts of static electricity demonstrate that our devices are applicable to different objects and environments.
IV. CONCLUSION
We have demonstrated a new concept of electrostatic field sensor constructed by depositing a graphene transistor onto SiO 2 /Si substrate. The high performance is achieved by interfacial amplification process (ultrahigh gain of ∼10 4 ). More importantly, the sensor does not require any external amplifiers, which would greatly simplify the design of integrated micro sensors.
